The first-order transition from the isotropic ͑I͒ to smectic-A ͑Sm A͒ phase in the liquid crystal 4-cyano-4Ј-decylbiphenyl ͑10CB͒ doped with the polar solvent acetone ͑ace͒ has been studied as a function of solvent concentration by high-resolution ac-calorimetry. Heating and cooling scans were performed for miscible 10CB+ ace samples having acetone mole fractions from x ace = 0.05 ͑1 wt %͒ to 0.36 ͑10%͒ over a wide temperature range from 310 to 327 K. Two distinct first-order phase transition features are observed in the mixture whereas there is only one transition ͑I-Sm A͒ in the pure 10CB for that particular temperature range. Both calorimetric features reproduce on repeated heating and cooling scans and evolve with increasing x ace with the high-temperature feature relatively stable in temperature but reduced in size while the low-temperature feature shifts dramatically to lower temperature and exhibits increased dispersion. The coexistence region increases for the low-temperature feature but remains fairly constant for the high-temperature feature as a function of x ace . Polarizing optical microscopy supports the identification of a smectic phase below the high-temperature heat capacity signature indicating that the low-temperature feature represents an injected smectic-smectic phase transition. These effects may be the consequence of screening the intermolecular potential of the liquid crystals by the solvent that stabilizes a weak smectic phase intermediate of the isotropic and pure smectic-A.
I. INTRODUCTION
Liquid crystals ͑LCs͒ 1,2 are anisotropic fluids that have numerous thermodynamically stable phases exhibiting molecular order in between an isotropic liquid and a threedimensionally ordered solid. Recently, attention has been given to binary mixtures of liquid crystal and a compatible ͑i.e., miscible͒, low-molecular weight, solvent as a system in which the intermolecular potential responsible for the LC order can be screened or modified. The studies to date of LC+ solvent systems have focused exclusively on the isotropic to nematic ͑I-N͒ 3, 4 and the nematic to smectic-A ͑N-Sm A͒ [4] [5] [6] [7] [8] phase transitions as a function of solvent type and concentration. These studies differ from those systems that employ surfactant [9] [10] [11] to create a colloidal emulsion in that these LC+ solvent binary mixtures are in equilibrium and miscible.
The direct first-order transition from the isotropic to the smectic-A ͑I-Sm A͒ phase has attracted attention in experimental [12] [13] [14] [15] [16] [17] [18] [19] [20] and theoretical research [21] [22] [23] [24] as a prototypical symmetry breaking phase transition. High-resolution synchrotron x-ray diffraction study of the I-Sm A phase transition in 10CB-aerosil showed that the transition remains firstorder for all gel densities with systematic evolution of correlation length. 17 The study of phase transition behavior of 10CB in the presence of silica aerogels showed that the direct I-Sm A transition occurs through the nucleation of smectic domains. 16 The effect of pressure on the I-Sm A phase transition was examined and pointed out that the effect is to increase the transition temperature and to decrease the discontinuity of the transition. 23 The macroscopic dynamic behavior was studied in vicinity of the I-Sm A transition and the dynamic equations were presented on the isotropic and smectic-A side of the phase transition incorporating the effect of an external electric field. 24 The existence of surface induced order was shown in the isotropic phase of 12CB, which has the direct I-Sm A transition, confined to anapore membranes through specific heat and x-ray scattering studies. 12 All the observations showed that the I-Sm A transition is more first-order than the very weak I-N transition indicating that the orientational order of Sm A phase is higher than that in the nematic phase. Even though significant effort was applied for the study of the I-Sm A transition behavior, many problems related to fundamentals of the transition are yet to be solved.
Modification of the smectic structure as well as the introduction of new smectic phases has traditionally been carried out in binary mixtures of two LCs, each exhibiting a different smectic structure. An early study on a binary LC mixture, dibenzoate and TBBA, reported the first Sm A-Sm A transition, 25 which was modeled by an extension of the Meyer-Lubensky free-energy form. 26 Since this early work, a host of Sm A-Sm A type transitions have been explored in binary LC mixtures [27] [28] [29] [30] [31] [32] [33] though nearly all involve incommensurate smectic structures with very wide twophase coexistence ranges. A rare example of a single LC system is the dimesogenic LC KI5 and KII5, but these highly asymmetric LCs also involve incommensurate smectic struc-tures with long lived metastability. [34] [35] [36] Among these early studies only the Sm A d -A 2 transition has been studied thoroughly.
Most recently, a new phenomenological model of a de Vries type smectic LC has been developed that also appears applicable to a smectic-smectic phase transition. 37 This theoretical work predicts the possibility of a sharp, true firstorder transition between two smectic phases. In all these studies, the smectic phase was modified by the mixture of two smectic LCs typically having different smectic structures. Here, the difference in space packing drives the stability and structure, even for the single component dimesogenic LC. [34] [35] [36] A more attractive route to studying smectic ordering is directly modifying the intermolecular potential for an LC that only exhibits a single smectic phase.
In this paper, we report a high-resolution ac-calorimetric study on the effects of a nonmesogenic, low-molecular weight, polar solvent ͑acetone͒ on the first-order I-Sm A phase transition in decyl-cyanobiphenyl ͑10CB͒ and acetone ͑ace͒ binary mixtures ͑10CB+ ace͒ as a function of acetone concentration, x ace . The addition of acetone to 10CB changes the phase behavior of the 10CB+ ace system dramatically. Two distinct first-order phase transition features are observed in the mixture. The high-temperature transition feature shifts marginally to lower temperature while the low-temperature feature shifts markedly toward lower temperature with increasing x ace . The ⌬C p peak evolves for both the transition features with significant effect on low-temperature phase transition feature. The two-phase coexistence region for the low-temperature feature increases as a function of x ace while remains fairly constant for the high-temperature feature. The hysteresis in the ⌬C p shape on heating and cooling is observed and increases as x ace increases only for the lowtemperature feature. These results were reproducible upon multiple thermal cycles and not likely affected by macroscopic phase separation. An example of such phase separation behavior is seen in mixtures of 10CB with the nonpolar solvent decane.
The remaining sections of this paper are organized as follows. Section II describes the preparation of sample and the cell as well as the experimental ac-calorimetric procedure which we employed to this work. Section III describes the result of our study of 10CB+ ace system. Section IV provides the discussion of our result, which shows the dilution effect of the acetone on 10CB phase transitions and draws conclusions with future directions.
II. EXPERIMENTAL
The liquid crystal, 4-cyano-4Ј-decylbiphenyl ͑10CB͒, was purchased from Frinton Laboratory and degassed in the isotropic phase for about 2 h before use. Pure 10CB ͑2.45 nm long and 0.5 nm wide molecules 38 with molecular mass M w = 319.49 g mol −1 ͒ has a direct first-order isotropic to smectic-A phase transition without being into a nematic phase and strongly first-order Sm A to crystal phase transition. HPLC grade, 99.9+ % pure acetone ͑M w = 58.08 g mol −1 and boiling point 330 K͒ from Aldrich was used without further treatment. A specified amount of 10CB was transferred to a vial to which a relatively large amount of acetone was added and ultrasonicated to thoroughly mix. The acetone was then allowed to slowly evaporate until the desired mass of mixture was reached. At this point, the mixture was introduced into an envelope type aluminum cell of dimensions ϳ15ϫ 8 ϫ 0.5 mm 3 having a 120 ⍀ strain gauge heater and 1 M⍀ carbon-flake thermistor preattached to opposite sides. 3 The filled cell was then mounted in the calorimeter, the details of which can be found elsewhere. [39] [40] [41] High-resolution heat capacity measurements were carried out in a home-built calorimeter at WPI. In the ac-mode, oscillating power P ac exp͑it͒ is applied to the cell containing a sample of finite thermal conductivity resulting in the temperature oscillations with an amplitude T ac and a relative phase shift between temperature oscillation and input power, = ⌽ + ͑ / 2͒, where ⌽ is the absolute phase shift. The amplitude of the temperature oscillation is given by
where P ac is the amplitude and is the angular frequency of the applied heating power, C = C s + C c is the total heat capacity of the sample+ cell, which includes the heater and thermistor, e = CR e , and ii
are external and internal relaxation times, respectively. Here, R i is the internal thermal resistance that is approximately equal to the thermal resistance of the sample and R e is the external thermal resistance to the bath. The internal time constant, ii , is the rms time required for the whole assembly of sample and cell to reach equilibrium with the applied heat and the external time constant, e , is the time required to reach equilibrium with the bath. The relative phase shift between the applied power and resulting temperature oscillations is given by
If the frequency of the temperature oscillation is faster than the external equilibration time and slower than the sample internal equilibration time, then
Experimentally, a log-log plot of T ac versus reveals a plateau and this frequency region is where the inequalities of Eq. ͑3͒ are valid. 42 Given satisfying the conditions of Eq. ͑3͒, Eq. ͑1͒ becomes
Defining C ‫ء‬ = P ac / ͑T ac ͒, the specific heat at a heating frequency can be expressed as
where C filled Ј and C filled Љ are the real and imaginary parts of the heat capacity, C empty is the heat capacity of the empty cell, m s is the mass of the sample ͑in the range of 15-30 mg͒. Equations ͑5͒ and ͑6͒ need a small correction to account the nonnegligible internal thermal resistance as compared to R e and this was applied to all samples. 43 The real part of heat capacity indicates storage ͑capacitance͒ of the thermal energy whereas the imaginary part indicates the loss ͑dispersion͒ of energy in the sample. The temperatures corresponding to equilibrium, one-phase states, exhibit a flat imaginary heat capacity, i.e., C p Љ=0, 44 and the dispersive regions, such as a two-phase coexistence where the latent heat is released, have nonzero C p Љ.
All data presented here were taken at a heating frequency of 0.196 rad/s and at a base scanning rate of 1 K h −1 . For all 10CB+ ace samples, each heating scan was immediately followed by a cooling scan and each sample experienced the same thermal history.
The excess specific heat associated with a phase transition can be determined by subtracting an appropriate background C p BG from the total C p over a wide temperature range. Then, the excess heat capacity is given by
The enthalpy change associated with a phase transition is defined as
͑8͒
For a second-order or continuous phase transition, the limits of integration are as wide as possible about the ⌬C p peak and gives the total enthalpy change ͑␦H͒ associated with the transition. But, for a first-order phase transition, due to the presence of a coexistence region and a latent heat ⌬H, the total enthalpy change is the sum of the integrated enthalpy and the latent heat, ⌬H total = ␦H + ⌬H. A simple integration of the observed ⌬C p peak yields an effective enthalpy change ␦H ‫ء‬ for the first-order transition, which includes some of the latent heat contribution. The simple integration of the imaginary part of heat capacity given by Eq. ͑6͒ gives the imaginary transition enthalpy ␦HЉ, which is the dispersion of energy in the sample, a proxy of latent heat associated with the transition, and an indicator of the first-order character of the transition. In an ac-calorimetric technique the uncertainty in determining the enthalpy is typically 10% due to the uncertainty in the baseline and background subtractions.
III. RESULTS
The I-Sm A phase transition for pure 10CB occurred at T IA = 323.69 K, in good agreement with the literature value. 18, 45 The excess real specific heat ⌬C p and the imaginary specific heat C p Љ for pure 10CB and six 10CB+ ace samples on heating are shown in Fig. 1 as a function of temperature about the lowest stable temperature of the isotropic phase ⌬T IA = T − T IA . The characteristic features of the I-Sm A transition in pure 10CB, a single, sharp, peak in ⌬C p and C p Љ with small wings above and below T IA , transform into two heat capacity features for the 10CB+ ace samples. The high-temperature signature, labeled peak-1, appears as a small peak in ⌬C p and very small signature in C p Љ. Peak-1 represents a very weak first-order transition into a phase labeled P 1 . The low-temperature peak, labeled peak-2, appears as a large peak in both ⌬C p and C p Љ, which are similar in shape. This peak-2 clearly represents a much stronger firstorder transition from the P 1 phase to a lower temperature phase labeled P 2 . The data shown in Fig. 1 are consistent after multiple heating and cooling cycles and so appear to be in equilibrium.
Peak-1 shows a small ⌬C p peak that grows slightly with a very small, slightly decreasing, C p Љ feature as x ace increases.
Peak-2 begins as a large and sharp peak in ⌬C p with a similarly large and sharp peak in C p Љ at the lowest x ace sample. As x ace increases, peak-2 shifts to lower temperature and broadens in both ⌬C p and C p Љ. For both ⌬C p and C p Љ peak-2 appears as a sharp jump on low-temperature side then a broad tail following the peak on the high-temperature side on the heating scan.
Cooling scans are generally consistent with heating in that they are reproducible after multiple cycles and exhibit two heat capacity peaks that evolve in a similar way as a function of x ace . However, there are significant differences in the shape of ⌬C p and C p Љ for peak-2, while the hysteresis of peak-1 shape is small. Figure 2 shows the ⌬C p and C p Љ profile for the x ace = 0.14 sample on heating and the following cooling scan. The vertical dashed-dotted lines on both sides of each transition indicate the coexistence region between them. For peak-2, both the ⌬C p and C p Љ peaks are within the coexistence region but asymmetric showing a jump on entering the coexistence region for both heating and cooling. For peak-2, the ⌬C p maximum occurs near the edge of the twophase coexistence range where it first enters. These stable and reproducible results for the 10CB + ace samples are in stark contrast with mixtures of 10CB with a less miscible solvent. A similar series of experiments were carried out on mixtures of 10CB and a nonpolar solvent, decane to highlight the effect of the polar nature of the diluting solvent. None of these measurements were reproducible and exhibited characteristics of progressive phase separation with multiple thermal cycles. Figure 3 shows a typical heat capacity profile for a 10CB+ decane sample as a function of temperature for a decane mole fraction x decane = 0.10 ͑5 wt %͒. As the sample is thermally cycled at the same scanning rate, peak-2 shifts toward higher temperature and ultimately merges with peak-1 just below the pure 10CB I-Sm A transition. This indicates a phase separation effect due to the nonpolar nature of decane that is not observed in the 10CB+ ace system.
The phase below peak-1 is initially labeled P 1 while the phase below peak-2 is initially labeled P 2 with the highest temperature phase being the usual isotropic. The I-P 1 phase transition temperature, T 1 , is defined as the lowest temperature of the isotropic phase prior to entering the I + P 1 twophase coexistence region and the P 1 -P 2 phase transition temperature, T 2 , is taken as the lowest temperature of the P 1 phase prior to entering the P 1 + P 2 two-phase coexistence region. Figure 4͑a͒ shows the I-P 1 and P 1 -P 2 phase transition temperatures on heating and cooling as a function of x ace . The dashed lines in the figure represent the lower bound of the coexistence region for each phase transition as determine by C p Љ. 44 As x ace increases, the I-P 1 transition temperature remains fairly constant with a small hysteresis between heating and cooling as well as a modest increase in the I + P 1 coexistence range for the higher x ace as shown in Fig. 4͑b͒ . Also, as x ace increases the P 1 -P 2 transition temperature decreases dramatically by Ϸ10 K at x ace = 0.36 with an increasing hysteresis between heating and cooling T In order to shed light onto the phase identification of P 1 and P 2 , cross-polarizing micrographs were taken at three different temperatures corresponding to the isotropic, P 1 and P 2 phases. These temperatures are shown by an "x" in Fig. 4͑a͒  and labeled a, b , and c, respectively. Images were taken on a x ace = 0.18 sample after heating from 310 K at a rate of +0.2 K / min to the target temperature then waiting for about 5 min for equilibrium. As expected, the image at point a ͑T = 324.2 K͒ is uniformly dark indicating the isotropic phase. Textures were observed at points b ͑T = 321 K͒ and c ͑T = 313 K͒ and are shown in Fig. 5 . Both the images are nearly identical revealing a typical smectic texture indicating that both the P 1 and P 2 are smectic phases.
The transition enthalpies, real and imaginary, can be used to reveal the energetics of the transition and can aid the phase identification of P 1 and P 2 . A complete integration of the entire ⌬C p peak over a wide temperature range from 310 to 325 K for all 10CB+ ace samples was performed. The peak-1 transition enthalpy was isolated by subtracting a minimally curved baseline below the ⌬C p peak-1 then integrating to give ␦H 1 ‫ء‬ . The enthalpy ␦H 1 ‫ء‬ was then subtracted from the total ␦H T ‫ء‬ = ␦H 1 ‫ء‬ + H 2 ‫ء‬ to yield the ac-enthalpy change ␦H 2
‫ء‬ associated with the P 1 -P 2 phase transition. The integrated ⌬C p enthalpy ␦H ‫ء‬ and imaginary C p Љ enthalpy ␦HЉ as a function of acetone mole fraction for pure 10CB and all 10CB+ ace samples are shown in Fig. 6 . Most of the real and imaginary enthalpies are contributed by peak-2. The acenthalpy ␦H 2 ‫ء‬ for the P 1 -P 2 transition increases slightly, reaching a maximum value of ␦H 2 ‫ء‬ = 6.28 J / g at x ace = 0.10 followed by a nearly linear decrease with increasing x ace .
Similarly, ␦H 2 Љ increases more dramatically, reaching its maximum value at x ace Ϸ 0.22 followed by a decrease with increasing x ace . In contrast with the behavior of ␦H T ‫ء‬ and ␦H 2 ‫ء‬ , the ac-enthalpy for peak- This observation, as well as the micrograph, supports the identification of the P 2 phase being the pure 10CB smectic-A d phase. A summary of results for the 10CB+ ace samples including pure 10CB on heating is tabulated in Table I . Included are acetone molar fraction x ace , the I-P 1 phase transition temperature T 1 , the P 1 -P 2 transition temperature T 2 ͑in degrees kelvin͒, integrated enthalpy change for the I-P 1 transition ␦H 1 ‫ء‬ , integrated enthalpy change for the P 1 -P 2 transition ␦H 2 ‫ء‬ , total integrated enthalpy ␦H T ‫ء‬ , imaginary enthalpy for the I-P 1 transition ␦H 1 Љ, imaginary enthalpy for the P 1 -P 2 transition ␦H 2 Љ, and total imaginary enthalpy for both the transitions ␦H T Љ ͑in J/g͒.
IV. DISCUSSION AND CONCLUSIONS
The I-Sm A phase transition in LCs is a first-order phase transition and exhibits both orientational and partial translational order. The introduction of acetone to 10CB greatly affects the phase transition behavior. In the concentration range studied here, the binary mixture of 10CB+ ace have reproducible ⌬C p features after multiple thermal cycles. Also, reproducible polarizing micrographs are seen after multiple thermal cycles as well as revealing uniform textures. These observations and results strongly indicate that ‫ء‬ on heating for the I-P 1 transition ͑᭝͒, the P 1 -P 2 transition ͑b͒, and total enthalpy for both the transitions ͑᭺͒ as a function of x ace . ͑b͒ Imaginary enthalpy associated with the I-P 1 transition ͑᭝͒, the P 1 -P 2 transition ͑b͒, and total for both the transitions ͑᭺͒ as a function of x ace .
for this range of x ace , the acetone remains miscible and in equilibrium in mixtures with 10CB. This is likely due to the low x ace range studied and the polar nature of both the acetone and 10CB. For similar concentrations of a nonpolar solvent, decane, in mixtures with 10CB, clear evidence of phase separation are observed as shown in Fig. 3 .
For the 10CB+ ace samples, calorimetry revealed two well defined features in both ⌬C p and C p Љ that were reproducible after multiple thermal cycles and each exhibited different hysteresis as well as x ace dependence. Both features have C p Љ 0 and are inside their respective two-phase coexistence range. These characteristics of the two signatures indicate that both represent distinct first-order phase transitions. For the polarizing optical micrographs, a completely dark texture is observed for the highest temperature phase while a typical smectic texture is seen for both lower temperature phases. Also, the total enthalpy from both transition features for samples up to x ace = 0.28 is very similar to the pure 10CB I-Sm A d enthalpy. These observations identify the highest temperature phase as the isotropic phase and the lowest temperature phase as the smectic-A d of pure 10CB.
Most of the total enthalpic contribution, real as well as imaginary, is from the P 1 -Sm A d phase transition while the I-P 1 transition accounts for only ϳ10% of ␦H T ‫ء‬ . Also, the concentration dependence of the I-P 1 enthalpy and transition temperature is different than that for the P 1 -Sm A d dependence. Polarizing micrographs of P 1 phase clearly show a uniform smectic texture. Given the small energy associated with this transition, it is labeled a "weak smectic-A" ͑Sm A w ͒ phase. This Sm A w phase exhibits smectic-A symmetry but is less ordered than the Sm A d phase. The scenario, possibly, would be because of some screening of the 10CB dipole moment due to the polar nature of both acetone and 10CB and the proposed weak smectic-A phase could be considered as a smectic-A layered structure comprised of a mixture of individual molecules and cybotactic groups ͑typical in smectic-A d ͒ of 10CB. However, structural studies such as scattering experiments are needed to get insight into the smectic layer structure of the system.
The downward shift of the transition temperatures in 10CB+ ace system is consistent with an impurity ͑dilution͒ effect. 3 The increasing coexistence region, and increasing hysteresis of the Sm A w -Sm A d transition ⌬C p shape on heating and cooling as a function of x ace can be explained in terms of the interaction of acetone polar molecules with 10CB molecules. During a temperature scan, the heat capacity peak exhibits a jump when entering the coexistence region and leaves the region with a broad tail. As the coexistence region is approaching, nucleation process starts sharply and as coarsening processes, the screening by the acetone begins to slow the establishment of order, giving rise to a broad tail.
We have undertaken detailed calorimetric studies on the effect of nonmesogenic, low-molecular weight polar solvent ͑acetone͒ on the first-order I-Sm A phase transition of 10CB. Acetone dilutes the liquid crystal and changes the intermolecular potential among the molecules in the mixture. Dramatic change in phase behavior with a new transition feature from less orientationally order weak smectic-A to more orientationally ordered smectic-A d including the isotropic to less ordered weak smectic-A phase is observed due to the presence of acetone on 10CB. Both the transition features evolve in shape and size of ⌬C p as a function of x ace . Downward shifting of transition temperature for both the transitions with dramatic shifts on weak smectic-A to smectic-A d transition temperature has been observed. These all reveal a new aspect of the effect of polar solvent interactions on the liquid crystal transitions. Continued experimental efforts specifically, x-ray and/or neutron scattering studies probing the smectic structure as a function of solvent content and temperature would be particularly important and interesting.
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